Aims. We study the correlations between the VLBA radio emission at 15 GHz, extended emission at 151 MHz, and optical nuclear emission at 5100Å for a complete sample of 135 compact jets. Methods. We use the partial Kendall's tau correlation analysis to check the link between radio properties of parsec-scale jets and optical luminosities of host active galactic nuclei (AGN). Results. We find a significant positive correlation for 99 quasars between optical nuclear luminosities and total radio (VLBA) luminosities of unresolved cores at 15 GHz originated at milliarcseconds scales. For 18 BL Lacs, the optical continuum emission correlates with the radio emission of the jet at 15 GHz. We suggest that the radio and optical emission are beamed and originate in the innermost part of the sub-parsec-scale jet in quasars. Analysis of the relation between the apparent speed of the jet and the optical nuclear luminosity at 5100Å supports the relativistic beaming model for the optical emission generated in the jet, and allows the peak values of the intrinsic optical luminosity of the jet and its Lorentz factor to be estimated for the populations of quasars and radio galaxies. The radio-loudness of quasars is found to increase at high redshifts, which can be a result of lower efficiency of the accretion in AGN having higher radio luminosities. A strong positive correlation is found between the intrinsic kinetic power of the jet and the apparent luminosities of the total and the unresolved core emission of the jet at 15 GHz. This correlation is interpreted in terms of intrinsically more luminous parsec-scale jet producing more luminous extended structure which is detectable at low radio frequencies, 151 MHz. A possibility that the low frequency radio emission is relativistically beamed in superluminal AGN and therefore correlates with radio luminosity of the jet at 15 GHz can not be ruled out (abridged).
Introduction
The orientation-based unification schemes of radioloud active galactic nuclei (AGN) (Barthel 1989; Urry & Padovani 1995) suggest that the continuum and broad-line emission from their central engine are seen directly in powerful FR II (Fanaroff & Riley 1974) quasars, while in FR II radio galaxies the central emission can be partially/completely hidden by obscuring material ("dusty torus"). In this scheme the presence of relativistic jets implies that radio-loud quasars are the relativistically beamed counterparts of radio galaxies. The beamed synchrotron emission from the base of the jet may exSend offprint requests to: T.G. Arshakian tend to optical wavelengths in quasars (Impey & Tapia 1990 ) and even in the relatively unbeamed radio galaxies (Chiaberge et al. 2002; Hardcastle & Worrall 2000) . We should expect that in quasars the emission from both the central engine (thermal?) and the jet (non-thermal) contribute to the total power, whereas in radio galaxies the bulk of the optical continuum emission may be attributed to the relativistic jet rather than the central engine hidden by the torus (e.g., Arshakian et al. 2010; León-Tavares et al. 2010) .
One approach to investigate the physical processes in active galactic nuclei (AGN) at scales not reachable by present-day telescopes is to study the correlations between radiative energy in different wavebands. There is evidence that the beamed synchrotron emission from the base of the radio jet extends to visible wavelengths in BL Lacs and quasars (Wills et al. 1992) . Several authors (Hardcastle & Worrall 2000; Chiaberge et al. 2002; Kharb & Shastri 2004 ) investigated the correlations between the radio and optical regimes for radio-loud FRI-FRII radio galaxies with the sample size < ∼ 65 objects. On the basis of the correlations between unresolved optical core emission (in the high-resolution images with the Hubble Space Telescope) and the VLA (Very Large Array) radio core emission of the jet on scales of milliarcseconds (see Hardcastle & Worrall 2000) , and color information, these authors argued that optical nuclei are due to synchrotron radiation from the jet. The VLBI (Very Long Baseline Interferometry) imaging of jets at 15 GHz reaches an unprecedented milliarcsecond resolution (Kellermann et al. 1998; Zensus et al. 2002; Kellermann et al. 2004 ) and the VLBI cores are resolved on submilliarcsecond scales (Kovalev et al. 2005) . The VLBA provides a high reliability in the results due to the excellent calibration properties and the repeatability of observations. Here we investigate the radio-optical correlation between the VLBA core emission at 15 GHz and the optical nuclear emission at 5100Å to test a single production mechanism for radio and optical continuum emission on scales of submilliarcseconds.
The relativistic outflows of plasma material form near the central nucleus and trace the pc-scale broad-line region and kpc-scale narrow-line region transporting the kinetic energy preserved in the jet to hundreds of kiloparsecs away from the central engine. To test the link between the properties of the pc-scale jet and extended radio structure on kiloparsec scales, as well as the correlation between VLBI radio and optical nuclear luminosities we use the complete sample of 135 core-dominated AGN possessing relativistic jets .
In Sect. 2 we introduce the radio sample of AGN, and in Sect. 3 we define the radio parameters of their compact jets. The optical nuclear luminosities are derived in Sect. 4. Correlations between radio properties of the jet, and between radio properties and optical nuclear luminosities are discussed in Sect. 5 and 6 respectively.
Throughout the paper a flat cosmology model is used with Ω m = 0.3 (Ω Λ +Ω m = 1) and H 0 = 70 km s −1 Mpc −1 .
The sample of compact AGN
To analyze the correlations between optical continuum emission and the characteristics of radio jets on sub-parsec scales we use the complete statistical sample of compact AGN sources and the sample of 250 compact extragalactic radio sources at 15 GHz compiled by Kovalev et al. (2005) . The samples consist of compact AGN from the MOJAVE (Monitoring of Jets in AGN with VLBA Experiments) program and the VLBA 15 GHz monitoring survey. The MOJAVE-1 sample is a flux-density limited complete sample of 135 AGN with redshifts reaching up to 3.4. Most of the MOJAVE-1 AGN have flat spectra and their total flux density at 15 GHz is greater than 1.5 Jy for sources in the Northern hemisphere (δ > 0 • ) and > 2 Jy in the Southern hemisphere (−20
• < δ < 0 • ). Of the 135 radio-loud AGN in the MOJAVE-1 sample there are 101 quasars, 22 BL Lacs, 8 galaxies, and 3 unidentified objects (classification of AGN is adopted from Véron-Cetty & Véron (2003) ). Based on the extended emission at 1.4 GHz, Kharb et al. (2010) showed that the radio luminosities of a substantial fraction of the MOJAVE quasars fall in the intermediate power range characteristic for FR I and FR II radio structures. Radio luminosities and morphologies of BL Lacs at 1.4 GHz are consistent with the FR II morphology and radio power of quasars.
This complete sample is used to infer relationships between optical luminosity and properties of compact jet. These relations are also checked for the full sample of 250 AGN, which includes additional compact AGN of special interest that did not meet the criteria of the complete sample. The full sample of 250 AGN includes 188 quasars, 36 BL Lacs, 20 radio galaxies, and 6 sources with no optical identification.
Biases of the sample. According to the relativistic beaming model, the intrinsic flux density of the relativistic jet is enhanced toward the jet direction by relativistic Doppler beaming effect. The beamed emission appears to be stronger at small viewing angles of the jet (Pearson & Zensus 1987; Cohen et al. 2007 ). Compact jets with high intrinsic radio luminosities can be seen at larger viewing angles, while the intrinsically faint jets fade away at larger viewing angles and are not included in the sample. In combination with the jet speed, this effect introduces a bias towards fast and bright jets to be oriented near to the line of sight. At small angles we should have a wider range of Lorentz factors and intrinsic radio luminosities, while at large angles only slow and intrinsically bright jets are included. Low-redshift, bright sources can also have large viewing angles evidenced by two-sided compact jets.
The sample of compact radio jets compiled by a flux limit has various selection effects, which arise from a combination of intrinsic luminosity, luminosity distance, and Doppler factor. Monte Carlo simulations of flux-limited, beamed samples suggest that the mean Doppler factor does not generally increase with redshift (Lister & Marscher 1997) . For low redshifts (z < 0.6), there is a deficit of high-Doppler factor, low viewing angle sources since they are rare in the population; the volume element at low-z is small, and these sources are close enough that they do not need to be as beamed to be in included the flux-limited sample. Basically beaming is not as important a factor at lower redshifts in determining the makeup of a flux-limited sample as at high redshifts, z > 0.6, according to Lister & Marscher (1997) . These authors showed that the viewing angle of the jet has a wide range at low redshifts, while at z > 0.6 the mean viewing angle is pretty much constant, as was shown by simula-tions. Essentially, there is enough range in the intrinsic luminosity function, and the volume is large enough, so that at z > 0.6, a combination of slightly less aligned sources with higher intrinsic powers, and vice versa, are included in the flux-limited sample.
The variability Doppler factors (measured from the variability timescales of radio flares at different frequencies; see Hovatta et al. 2009 ) of about 50% of the MOJAVE blazars were estimated with the total flux density observations obtained with the Metsähovi single-dish 14-meter telescope at 22 GHz and 37 GHz. These observations allow the measurements of variability Doppler factors for all flaring jets to be made, while for jets too compact to be observed with the VLBA at 15 GHz, the apparent speed cannot be measured due to the absence of moving jet components. Around 50% of the MOJAVE-1 core-dominated compact jets have no measurements of Doppler factors (Hovatta et al. 2009 ), because 53 sources were not monitored or analyzed, and 12 AGN had no detection of moving components (6 BL Lacs and 6 quasars). The jets of later sources are believed to have very small viewing angles. The selection of AGN with known apparent speeds thus should introduce a bias towards larger viewing angles, which can be significant for the sample of 16 BL Lacs with known apparent speeds.
Another issue is the accurate division between BL Lacs and quasars. Kharb et al. (2010) showed that the division of blazars into two subclasses by an emission-line equivalent width of 5Å is arbitrary in terms of radio jet properties of AGN forming the MOJAVE sample. Some correlation tests for BL Lacs and quasars differ significantly when two subclasses are considered separately, indicating that it is likely that the population of BL Lacs is inhomogeneous and consists of blazars with both FR I and FR II morphological types, while the population of quasars includes only FR II radio galaxies. Other problems relating to the precise delineation between BL Lacs and quasars is discussed in Kovalev et al. (2005) . Because we aim to study the radio-optical correlations for a relatively small MOJAVE-1 sample of 135 AGN, and find significant correlations for BL Lacs, quasars and radio galaxies, we adopt the original classification of blazars provided by Véron-Cetty & Véron (2003) to keep the subsamples under investigation large enough to find significant correlations.
Parameters of the jet
The relativistic plasma outflows oriented near to the line of sight are observed as one-sided radio core-jet structures (as seen on VLBA images) due to relativistic brightening of the radio emission from the approaching jet, while outflows oriented at large angles present a two-sided jet structure. The apparent speed of the fastest jet component is assumed to be equal to the speed of the jet flow. Kovalev et al. (2005) studied the central regions of 250 compact AGN at 15 GHz. They derived the total flux densities from each VLBA image (S VLBA ) and the flux densities from unresolved, most compact regions of the VLBA cores (S un ). The most compact structures extend at submilliarcsecond scales (0.02-0.06 mas). The uncertainty in S VLBA and S un is about 5 %. The flux density from the extended jet was defined as S jet = S VLBA − S core , where S core is the VLBA resolved core flux (Kovalev et al. 2005) . The luminosity of the VLBA component, unresolved core, and jet components are
where S is the flux density of the specified component, d L is the luminosity distance at the redshift z, and α is the spectral index assumed to be α ≡ α 1 = 0 for total VLBA and unresolved core components, and α 2 = −0.7 for the jet (S ν ∼ ν α ; . The rest-frame ratios of C VLBA = S VLBA /S tot (where S tot is the flux density at 15 GHz determined from observations of single dish antennas) and C un = S un /S VLBA define the source compactness on arcsecond scales and sub-milliarcsecond scales respectively (Kovalev et al. 2005 ). The radio-loudness parameter is defined as the ratio of the total VLBA flux density at 15 GHz and the nuclear optical flux measured in the B band (see Eq. 10), R = S VLBA (1 + z) −α1+α3 /F B, nuclear , where α 3 is the optical spectral index adopted to be −0.5 (see section 4).
We measure the intrinsic luminosity of the jet for 68 AGN (51 quasars and 12 BL Lacs) using the rela-
L, where p = 2 for a steady-state jet, appropriate for a core region, and p = 3 for a discrete optically thin source (Lind & Blandford 1985) , and
The apparent speed of the jet (β a in units of the speed of the light) is measured for 118 AGN (Lister et al. 2009b , and MOJAVE website 1 ; see Table 3 ). We use the variability Doppler factor of the jet (D var ; Hovatta et al. 2009 ) to derive the Lorentz factor (γ = 1/ 1 − β 2 , where β is the speed of the jet in units of the speed of the light),
and the viewing angle of the jet
for 63 AGN from the MOJAVE-1 sample. Note that this value represents the 49% of the total of AGN. We cannot estimate the exact errors of the Lorentz factor and the jet viewing angle, because it is difficult to determine the error estimates of D var for each source. Hovatta et al. (2009) used a sample of 45 AGN with well-defined radio flares to determine the median standard deviation of the sample to be ∼ 27%, which is assumed to be an upper limit for the error estimate of D var . Adopting this value we calculate the upper limit of the error imposed on the median value of D var for the MOJAVE-1 sample, D var, med = 12.2±3.31. Using the later and the median apparent speed and the median error of the sample, β a, med = 10.24 ± 0.81, we determine the upper limits of the error estimates for γ and θ to be ∼ 8 % and ∼ 32 %, respectively, using the formula for error propagation of two uncorrelated variables, β a, med and D var, med .
To measure the power transported by the radio jet to kiloparsec scales, we used the analytical formula derived by Punsly (2005) ,
where S 151 is the flux density at 151 MHz detected from the extended radio structure (see Table 3 ), α = 1 is the spectral index at 151 MHz, and Z is a function of the redshift. The flux densities at 151 MHz are estimated for 135 AGN from the interpolation between flux densities measured at frequencies between 80 MHz to 1 GHz using data available from the CATS database -Astrophysical CATalogs support System Verkhodanov et al. 1997 Verkhodanov et al. , 2000 Verkhodanov et al. , 2005 Verkhodanov et al. , 2009 . The contribution of the VLBI core to the flux density at 151 MHz should be small or negligible for the majority of compact AGN because the core emission should be synchrotron self-absorbed and/or suffer free-free absorption at low frequencies (Lobanov 1998) . Moreover, we used flux-density measurements of single-dish telescopes which, at low radio frequencies, pick up predominantly emission from the extended kpc-scale structure. The radio luminosity at 151 MHz (L 151 ) is calculated from Eq. (1) for the value of α = −1.
Optical nuclear luminosities of compact AGN
We estimate the optical luminosities of compact radio sources at 5100Å (L 5100 ) using the B band in the standard Johnson's photometric system (B J ). The absolute luminosity at 5100Å is estimated with the following expression (e.g., Marziani et al. 2003a ):
where A B is the galactic extinction in the B-band taken from the NASA Extragalactic Database and M B is the absolute magnitude given by Schmidt & Green (1983) :
where h = H 0 /100 km s −1 Mpc −1 = 0.7, α ≡ α 3 = −0.5 is the spectral index found for radio-loud objects (S ν ∝ ν α ; see Brotherton et al. 2001 Table 2 ), z is the redshift and A(z) is the bolometric luminosity distance for the flat cosmology model,
where Ω m =0.3 and η is a function of z and Ω m (see Pen 1999). We have searched for the apparent magnitudes for 250 compact AGN in two catalogs: the Minnesota Automated Plate Scanner Catalog of the Palomar Observatory Sky Survey (POSS I), hereafter the MAPS Catalog (Cabanela et al. 2003 ) and the US Naval Observatory USNO-B catalog (Monet et al. 2003) . The apparent magnitudes in the MAPS catalog are given as photographic O magnitudes, while the USNO catalog measures B magnitudes. To convert the O magnitude from MAPS and the B USNO to the standard B J magnitude in Johnson's system we used the linear correlations that we found using the BVR photoelectric photometry for 426 stars in 49 Palomar Sky Survey fields (Humphreys et al. 1991) . The following expressions are used to transform the apparent magnitude to the B J magnitude:
and,
From Fig. 1 we can see that the O MAPS magnitude presents less dispersion than B USNO magnitude with respect to the B J . Out of 250 sources, we identified 163 AGN in the MAPS catalog, the other 79 remaining sources were found in the USNO catalog, and eight objects have no optical counterparts. Out of 135 sources from the MOJAVE-1 sample, nine sources have no optical counterparts: two quasars, four BL Lacs, and three unclassified objects (see Table 3 ). For 123 AGN from the full sample, we have measurements of monochromatic spectral fluxes at 5100Å, 3000Å, and 1350Å. The spectroscopic observations were carried out at 2.1-m class telescopes OAN-SPM 2 , GHAO 3 and complemented with intermediate and highresolution spectra found in SDSS/HST-FOS archives (Marziani et al. 2003b; Lawrence et al. 1996) . The spectral atlas and the details of the observations will be published in a forthcoming paper (Torrealba et al., in preparation). Table 3 ).
We scaled the 3000Å and 1350Å fluxes to 5100Å F 5100,sp assuming the spectral index α = − 0.5. Contribution of optical nuclear emission is dominant for quasars and BL Lacs, while for radio galaxies the optical emission of the stellar component can be significant. Figure 2 (left panel ) shows that the photometric fluxes (F 5100 ) are on average higher than the spectral fluxes (F 5100,sp ), because the contribution of the host galaxy is larger in photometric fluxes. To correct the photometric fluxes for a stellar emission, we used the relation between F 5100 and F 5100,sp for 123 AGN, excluding the radio galaxies and eight highly variable AGN:
Corrected photometric fluxes, measured and estimated spectral fluxes at 5100Å are presented in Fig. 2 (right panel ). Outliers from the equality line are radio galaxies and few quasars. The corrected fluxes of the former are contaminated by the host galaxy emission, while a strong variability of some quasars causes large deviations expected from the equality line.
The corrected optical fluxes and corrected luminosities (or nuclear optical luminosities, hereafter, L 5100 ) are presented in Table 3 . The distribution of nuclear optical luminosities of 123 AGN from the MOJAVE-1 sample ranges between 10 20 W Hz −1 and 10 25.5 W Hz −1 with the maximum at 10 24 W Hz −1 (Fig. 3) . Optical luminosities of quasars are higher than those of BL Lacs, and the luminosities of the latter are higher than those for radio galaxies. While the optical luminosities are weaker than the total radio luminosities by a three orders of magnitudes, the shapes of distributions of L 5100 for quasars, BL Lacs and galaxies are similar to the distributions of total radio luminosities of the compact jets at 15 GHz Kovalev et al. 2005) .
Correlations between radio properties of the jet
Correlations are considered significant for the samples of all 135 sources and 95 quasars if the confidence level P > 98%, while for the sample of 18 BL Lacs the correlations with a confidence level high than 95% are considered. Partial Kendall's tau correlation (Akritas & Siebert 1996) showed that the VLBA luminosities of MOJAVE-1 AGN and the luminosities of their unresolved core and the jet at 15 GHz are correlated at the high confidence level, > 99.99%. These correlations were expected for all types of AGN such as quasars, BL Lacs and radio galaxies, because the emission from both unresolved core and jet are expected to be Doppler-boosted.
In the relativistic brightening model the observed radio emission of the jet is boosted by relativistic Doppler effect, which depends on the viewing angle (θ) and the Lorentz factor (γ) of the jet. Strong negative correlation between L VLBA , L un , L jet and θ for 48 quasars (Table 1 ) and for the sample of 63 AGN (Fig. 5) confirms that the radio emission from all AGN types suffers from relativistic beaming. The missing population of compact (core only) jets without viewing angle (θ) measurements are those aligned to the line-of-sight and should have populated the right bottom quadrant in Fig. 4 . The ordinary linear-squares method is used to fit this relation for 62 AGN, excluding three outliers (two quasars and one BL Lac), log θ = (7.92 ± 0.78) + (−0.26 ± 0.03) log L VLBA .
This relation can be used as an independent method for estimating the jet viewing angle from radio luminosity of the jet at 15 GHz. No correlation is found between jet luminosities and jet speed separately for quasars, BL Lacs and radio galaxies. The average Lorentz factors of quasars and BL Lacs (17.1 ± 10.9 and 8.2 ± 5.5) are larger than those for radio galaxies (3.6 ± 2.9). This produces a positive correla- tion (95 %) in the L VLBA − γ plane, which appears to be stronger between L jet and γ (98.4 %; Table 2 ).
The distribution of the jet kinetic power (Q j estimated from Eq. (4)) is significantly different for quasars, radio galaxies, and BL Lacs (Fig. 5) . We should not expect a difference between quasars and radio galaxies as they are according to the unification scheme the same objects oriented differently to the line-of-sight. In the MOJAVE sample, the kinetic power of the jets are found to be higher in quasars than in radio galaxies. This can be understood as a bias resulting from the flux limit of the sample: only nearby radio galaxies (z < 0.2) are included in the MOJAVE sample because they are fainter at 15 GHz, while quasars are more luminous and can be detected up to z ≈ 2.5.
The negative correlation, at 99.7 % confidence level found for all types reflects the fact that BL Lacs and radio galaxies have on the average smaller kinetic powers and larger jet viewing angles than those for the quasars.
We find a strong positive correlation between the kinetic power of the jet and the apparent luminosity of the jet for 101 quasars and 19 BL Lacs (Fig. 5) . At first glance it seems to be a surprising result because Q j is thought to be an orientation-independent parameter, while L VLBA or L jet (L VLBA ∝ L jet ) depends on the jet viewing angle (see Table 1 ). As was discussed in Sect.2, more luminous jets are found at high redshifts due to their rarity. The L VLBA depends on the Doppler factor of the jet (or its jet viewing angle and Lorentz factor) and the intrinsic radio luminosity,
var L jet, int (for a steady-state jet).
While progressively smaller jet viewing angles are detected at high redshifts (see Table 1 ), the average Doppler factor does not change much (Lister & Marscher 1997; Fig. 13 in Hovatta et al. 2009 ). This indicates that the high apparent luminosities detected at high redshift are mostly due to high intrinsic luminosities of the jets. Hence, we should expect that L jet, int correlates with Q j . For a sample of 51 quasars, the intrinsic luminosity of the unresolved core and the jet are found to be correlated with the kinetic power of the jet at > ∼ 99% confidence level. The significance is lower than that found in the Q j − L jet relation plane (see Table 1 ) mainly due to about two times smaller sample of AGN with known Doppler factor values. This positive correlation may reflect that intrinsically much brighter jets on parsec-scales pump more electrons into the kiloparsecscale radio lobes, resulting in a more luminous extended structure. A larger number of low energy electrons accumulate in the lobes (because the lifetime of the low energy electrons is much longer) and emits a low-frequency synchrotron radio emission on scales of hundreds of kiloparsecs. We suggest that a real positive correlation between the intrinsic luminosity of the parsec-scale jet and the kinetic jet power (or luminosity of the extended radio structure) is reflected in the Q j − L jet relation plane for a given distribution of Lorentz factors of the jet. We further investigate correlations between Q j and the intrinsic parameters of the jet (θ and γ) measured for ∼ 50 AGN. The measured kinetic power should be independent of the jet viewing angle. This is consistent with the lack of correlation found in the samples of 48 quasars and 12 BL Lacs (Table 1 ). This correlation becomes significant for 46 quasars (τ = −0.22, P = 0.03) if we exclude two quasars with very small viewing angles (< 0.2 degrees). The lack of large viewing angles in quasars with low kinetic powers ( Fig. 5 ; bottom panel) can be explained as a selection imposed by the flux limit: (a) quasars with large kinetic power can be found at high redshifts due to their rarity, and (b) at large distances only the most beamed sources (small viewing angles and intrinsically luminous) can be included in the sample. These two effects can produce the negative correlation observed in the Q j − θ relation plane. Another possibility to explain this relation is that the radio emission at 151 MHz is variable and relativistically beamed. In the minority of the lowfrequency variable sources (LFV), the variability is correlated with that at high frequencies, with events started at high frequencies and propagated to low frequencies with decreasing amplitude. This is a signature of intrinsic variability caused by expansion of the emitting region, which has been confirmed from a comparison between flux density variability at 408 MHz and structural changes observed with VLBI observations at 1.67 GHz in several LFV sources (Bondi et al. 1996) . The majority of sources selected on the basis of LFV, however, showed no correlation between variability at low and high frequencies, which has been interpreted in terms of extrinsic variability due to refractive interstellar scintillation (e.g., Bondi et al. 1994 , and references therein). Since the MOJAVE sources are selected from high-frequency radio surveys on the basis of their beamed emission, it is most likely that the low frequency variability is a result of both beaming and refractive interstellar scintillation, with the former being dominant. Coordinated monitoring of MOJAVE blazars across the wide range of frequencies is needed to explore this issue. To fully understand all selection effects present in the flux-limited MOJAVE-1 sample and their role in shaping the observed correlations, it would be helpful to simulate the selection effects and the correlations between radio parameters. The Lorentz factors also do not show a significant correlation with Q j for quasars and BL Lacs when considered separately (the significant positive correlation present for the joint sample is a result of jet power and jet speed being on average larger in BL Lacs than in quasars).
The relationship between intrinsic jet luminosity and extended lobe power is currently not well-constrained . We report a positive correlation found for 51 quasars (98 %) between the intrinsic luminosity of the parsec-scale jet and the luminosity of the extended radio structure suggesting that intrinsically bright parsec-scale jets produce luminous radio lobes on scales of hundreds of kiloparsecs.
Because of the tight correlation between L 151 and Q j , the jet kinetic power is also correlated with L jet, int (99 %) and L un, int (99 %). Positive correlations are found between Q j and S VLBA /F B , the radio loudness of the jet. This correlation is significant for 99 quasars (99.1 %) and marginally significant for 18 BL Lacs (94 %).
Another significant negative correlation (99.9 %) exists for quasars between the kinetic power of the jet and the compactness of the core on sub-milliarcseconds scales, while it is positive for BL Lacs with a confidence level of 95.4 %. Larger samples of BL Lacs are needed to check the later correlation. There is a strong positive correlation at 99.9 % level between Q j and β a for 119 AGN (95 quasars), meaning that the kinetic power is correlated with the speed of the jet, γ. We checked this for 48 quasars: the correlation coefficient is positive but the correlation is not significant. A larger sample of quasars with measured Doppler factors is needed to detect a significance between weakly correlated parameters.
The kinetic power of the jet depends on the Lorentz factor of the jet and the mass outflow rate, Q j = γṀ out c 2 , where c is the speed of the light. This opens a possibility to measure the mass outflow rate using the independent measurements of Q j and γ and to use theṀ out as a measure of the accretion rate in superluminal AGN. We will pursue this study in a separate paper.
Optical continuum luminosity and properties of the jet for MOJAVE-1 sources
Compact AGN are strongly variable at 15 GHz and in the optical band (Kovalev et al. 2005; Wold et al. 2007 ). In our case of non-simultaneous observations, variability can blur possible correlations between radio and optical luminosities. The total radio luminosity of the VLBA jets at 15 GHz against the optical continuum luminosity at 5100Å for quasars, BL Lacs, and radio galaxies are shown in Fig. 8 .
The partial Kendall's tau correlation analysis is used to investigate correlations between radio and optical luminosities. We find a significant positive correlation (> 99.99 %) between the nuclear optical luminosity of compact AGN and the radio luminosities of the total VLBA emission, the unresolved core, and the jet emission for 99 quasars ( Fig. 8; Table 2 ), while for 18 BL Lacs, the optical luminosity correlates positively only with the jet luminosity at the confidence level of ∼ 99.9 %. According to the unification scheme for radio-loud AGN, the jet viewing angles are smaller in BL Lacs than in quasars and it is larger in radio galaxies, but this picture is not consistent with the average angles, θ j , estimated for quasars, BL Lacs and radio galaxies from the MOJAVE sample, (3.7 ± 2.5) deg, (8.9 ± 11.3) deg and (23.1 ± 19.9) deg, respectively. This is most likely a selection effect -BL Lacs viewed at smaller angles are more compact, and for these we cannot measure jet viewing angles. This introduces a bias for the sample , and 16 radio galaxies (filled triangles). The aspect curve is given for quasars (dotted and full lines which cover all and 95% of quasars, respectively), BL Lacs (dashed line), and radio galaxies (dot-dashed line).
of BL Lacs towards larger viewing angles. Ghisellini et al. (2005) suggested that there is a stratification of velocities in the jet of BL Lacs. The emission of the fast-spine layer is strongly boosted into a narrow cone and only the outer lower-speed layers are detected, which are not representative of the characteristic speed of the jet, and, hence, of the Doppler factor. This effect, together with possible misclassification of some BL Lacs and quasars (see Hovatta et al. 2009 ) may lead to a bias towards large viewing angles for BL Lacs.
Radio-optical correlations for quasars and BL Lacs can be understood if both radio and optical synchrotron emission originate in the relativistic jet and are Dopplerboosted. The dispersion of the radio-optical correlation can be caused by non-simultaneous observations, distributions of intrinsic luminosities, and Doppler factors. The larger dispersion for BL Lacs could be a result of stronger variability in the radio and optical bands as well as a wider range of intrinsic luminosities, while for radio galaxies the dimming of optical continuum emission by an obscuring dusty torus can vary significantly. Arshakian et al. (2010) reported a correlation between the ejected jet components and the optical continuum flares in the radio-loud galaxy 3C 390.3. This correlation was confirmed for another radio galaxy, 3C 120 , suggesting that this link is common for all radio-loud galaxies and radio-loud quasars. The link between optical continuum variability and kinematics of the parsec-scale jet is interpreted in terms of optical flares generated at subparsec-scales in the innermost part of a relativistic jet León-Tavares et al. 2010 ) rather than in the accretion disk. This suggests that the bulk of optical continuum emission is non-thermal and Doppler-boosted. It is therefore likely that the optical nuclear luminosity is intrinsically correlated with the radio luminosity of the unresolved core of radio galaxies and quasars rather than with their jet or accretion luminosities. For the BL Lacs, the significant correlation found in the L 5100 − L jet relation plane suggests that the optical emission is likely to be generated in the continuos jet.
Another evidence supporting the synchrotron nature of the optical emission generated in the relativistic jet is coming from the apparent speed-optical luminosity diagram (Fig. 9 ). There is a lack of blazars with low optical luminosities and high apparent speeds, similar to the absence of sources in the relation between apparent transverse speed and apparent radio luminosity of the MOJAVE sources at 15 GHz (Cohen et al. 2007 ). This is not a selection effect due to the observing limit in the MOJAVE-1 sample and it is interpreted in terms of relativistic beaming of radio jets. The aspect curve, the relation between L VLBA and β a for a fixed intrinsic radio luminosity and Lorentz factor of the jet, derived from the relativistic beaming theory were shown to be a good envelope for the quasars in the L VLBA − β a diagram (Cohen et al. 2007) , suggesting that the relativistic beaming model is realistic for the MOJAVE blazars.
The good fit of the aspect curve in the L 5100 − β a diagram is shown for the whole population of quasars and 95 % of the population (dotted and full lines in Fig. 9 ). The good fit of an aspect curve for all quasars suggests the peak values of the intrinsic optical luminosity L 5100, int = 2 × 10 20 W Hz −1 , γ = 52, and p = 3 in the population ( Fig. 9; dotted line) . However, for the majority of quasars (95 %), a better fit can be achieved with the peak values of L 5100, int = 4 × 10 20 W Hz −1 , γ = 33, and p = 3. The populations of BL Lacs and radio galaxies are also nicely enveloped under the aspect curve with parameters L 5100, int = 9 × 10 21 W Hz −1 , γ = 20, and p = 2 (dashed line) and L 5100, int = 1.5 × 10 21 W Hz −1 , γ = 9, and p = 2 (dot-dashed line). This is a strong evidence that the optical nuclear emission of quasars, BL Lacs, and radio galaxies from the MOJAVE sample is generated by relativistic particles in the jet and is Doppler boosted. The quasars data are best fitted with p = 3, indicating that the source of optical emission is likely to be a discrete and optically thin.
We find that the radio-loudness increases with increasing redshift for quasars and radio galaxies (Fig. 10) . The significance of correlation is 99.6 % for 95 quasars (Table 1) and is mainly due to the lack of low radio-loud quasars at high redshifts. In the MOJAVE-1 sample, the probability to find the intrinsically luminous jets and jets with larger Lorentz factors is high at high redshifts, while at redshifts less than ≃ 0.6 there is a deficit of sources with high Doppler factors and small viewing angles, because they are rare in the population and the volume element is small at low-z (Lister et al. 2009b) . The correlation in the R − z relation plane is evident at z > ∼ 0.6 and can be interpreted as a tendency for strong AGN to have a high radio-loudness. In high-redshift superluminal quasars, the beamed optical emission from the jet dominates over the optical emission from the accretion disk. In this case, we can interpret the R − z correlation as the radio-strong quasars to have lower Doppler factors in the optical regime compared to the ones in radio. Note that in about ten low-redshift quasars (z < ∼ 0.6) with mostly low Doppler factors, the optical emission from the disk can be comparable/dominant to that of the jet.
Correlations presented in Table 2 between photometric optical luminosity and radio luminosity of the compact jet, kinetic jet power, and radio-loudness hold also for optical spectral luminosities measured for 61 AGN.
Summary
We used the statistically complete sample of 135 compact radio sources provided by the MOJAVE program to investigate correlations between the properties of the pc-scale jets at 15 GHz, the extended radio emission at 151 MHz, and the optical nuclear emission at 5100Å. The main results are summarized as follows:
1. We determine the optical nuclei fluxes at 5100Å for 135 MOJAVE-1 AGN with their photometric optical fluxes available in the MAPS and USNO-B catalogs. There is a significant positive correlation for 99 quasars and 18 BL Lacs between optical nuclear luminosities and jet luminosities at 15 GHz originated in the jet at milliarcseconds scales. For quasars, correlations hold also between optical nuclear luminosity and luminosities of the unresolved core (at sub-milliarcseconds scales) and total radio (VLBA) of the jet, suggesting that the optical emission is non-thermal and originates in the innermost part of the jet at sub-parsec scales, while in the BL Lacs it is generated in the parsec-scale jet.
The generation of the relativistically beamed optical emission in the MOJAVE blazars is evident from the apparent speed -optical nuclear luminosity relation plane. In this diagram, the data of quasars, BL Lacs and radio galaxies are fitted by an aspect curve derived from the relativistic beaming theory, suggesting that optical emission from these sources is relativistically Doppler-boosted. We estimate the peak values of the intrinsic optical luminosity and the Lorentz factor of the jet for each population of blazars: L 5100, int = 2 × 10 20 W Hz −1 , γ = 52, and p = 3 for quasars, L 5100, int = 9 × 10 21 W Hz −1 , γ = 20, and p = 2 for BL Lacs, and L 5100, int = 1.5 × 10 21 W Hz −1 , γ = 9, and p = 2 for radio galaxies. About 95 % of quasars have the peak values of L 5100, int = 4 × 10 20 W Hz −1 , γ = 33, and p = 3. The boosting factor p = 3 favors the source of optical continuum emission for quasars to be discrete and optically thin.
2. The kinetic power of 135 compact jets, determined from the flux density measured at 151 MHz, is on average higher in quasars than in BL Lacs, and it is lower in radio galaxies. We find a strong positive correlation between the intrinsic kinetic power of the jet and the apparent luminosities of the total and unresolved core emission of the jet at 15 GHz. This correlation can be a result of the correlation between kinetic power and intrinsic luminosity of the pc-scale jet, which reflects that intrinsically luminous compact jets deliver more relativistic electrons to kiloparsec-scales. In this way they accumulate more low-energy electrons in the radio lobes, which results in powerful extended radio lobes radiating at low radio frequencies. Another possibility to interpret the correlation found in the Q j −L jet relation plane is that the low-frequency emission at 151 MHz is relativistically beamed and its variability is correlated with beamed radio emission at 15 GHz. Correlated variability at low and high frequencies was found in few superluminal sources. It is most likely that both effects, the beaming at low frequencies and the intrinsic luminosity of the jet at 15 GHz in beamed AGN, contribute to the relation between kinetic power and apparent luminosity of the jet. Monitoring of the MOJAVE AGN in a wide range of frequencies and over a period of few years is needed to distinguish and estimate the contribution of each effect. The kinetic power of quasars positively correlates with the radio-loudness, i.e., the ratio of the radio flux density at 15 GHz to the optical flux at 5100Å , and negatively with the compactness of the core (the ratio between the unresolved core and the total VLBA emission).
3. No correlation is found between the intrinsic radio luminosity at 15 GHz and the Lorentz factor of the jet for 48 quasars. A larger number of the MOJAVE-1 AGN with measured Doppler factors are needed to confirm this result.
4. We find that the radio-loudness of quasars increases with increasing the redshifts. This positive correlation is due to the lack of compact AGN with small radioloudness at high redshifts. This effect is interpreted as a tendency for strong AGN detected at high redshifts to have a high radio-loudness. This can happen if the Doppler factor of the jet in the radio regime is higher than that in the optical. Table 1 . Kendall's τ correlation analysis between parameters of the jet, extended radio structure for all AGN from the MOJAVE-1 sample, quasars and BL Lacs. A1 and A2 are the independent variables for which the Kendall's τ correlation analysis is performed, and A3 is the dependent variable (if exists then the partial Kendall's τ correlation analysis is applied to A1 and A2), N is the number of sources included in the statistical analysis, τ is the correlation coefficient, and P is the probability of a chance correlation. The correlations are considered to be significant (marked bold face) for the samples of all 135 sources and 95 quasars if the significance level P < 2 × 10 −2 (or confidence level > 98 %), and for the sample of 18 BL Lacs if the significance level P < 5 × 10 −2 (> 95 %). Table 3 . Optical and radio parameters of the 135 AGN from the MOJAVE-1 sample. Column (1) is the name of the object; (2) is the spectral type: quasars (Q), BL Lacs (BL), radio galaxies (G), and unclassified objects (U); (3) is the logarithm of the nuclear optical flux and its error in units of Janskys; (4) is the logarithm of the nuclear optical luminosity at 5100Å in units of W Hz −1 ; (5) is the flux density at 151 MHz in units of Janskys; (6) is the logarithm of the power of the jet in units of Watts; (7) is the apparent speed of the jet and its error in units of the speed of the light.
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